Haematopoiesis is an essential process that evolved in multicellular animals. At the heart of this process are haematopoietic stem cells (HSCs), which are multipotent and self-renewing, and generate the entire repertoire of blood and immune cells throughout an animal's life 1 . Although there have been comprehensive studies on self-renewal, differentiation, physiological regulation and niche occupation in vertebrate HSCs, relatively little is known about the evolutionary origin and niches of these cells. Here we describe the haematopoietic system of Botryllus schlosseri, a colonial tunicate that has a vasculature and circulating blood cells, and interesting stem-cell biology and immunity characteristics 2-8 . Self-recognition between genetically compatible B. schlosseri colonies leads to the formation of natural parabionts with shared circulation, whereas incompatible colonies reject each other 3,4,7 . Using flow cytometry, whole-transcriptome sequencing of defined cell populations and diverse functional assays, we identify HSCs, progenitors, immune effector cells and an HSC niche, and demonstrate that selfrecognition inhibits allospecific cytotoxic reactions. Our results show that HSC and myeloid lineage immune cells emerged in a common ancestor of tunicates and vertebrates, and also suggest that haematopoietic bone marrow and the B. schlosseri endostyle niche evolved from a common origin.
), and found correlations between gene expression profiles, morphology and marker expression (Extended Data Fig. 3 ). In the cluster of cell populations CP25, CP33 and CP34, there were 235 genes that were differentially upregulated and are known to be expressed in vertebrate blood and haematopoietic systems 14 (Extended Data Fig. 4a , Supplementary Table 2 ). Analysis of this gene set by Gene Expression Commons 15 against gene expression data from 39 distinct mouse haematopoietic stem, progenitor and differentiated cells revealed significant overlap (P < 0.05) in expression between CP25, CP33 and CP34, and mammalian haematopoietic stem, progenitor and myeloid lineage cells ( Fig. 2a, Supplementary Tables 2, 3) .
To measure the ability of these candidate HSC populations (cHSCs) to differentiate into other cell types, cells were transplanted from orange Letter reSeArCH donor colonies to compatible colonies (Fig. 2b) . Twenty days after transplantation, the unpigmented cHSC populations (CP25, CP33 and CP34) from the orange donor colony differentiated into orange pigmented cells within the recipient colonies, as shown by upregulation of mixed pigmented colonies and a reduction in pure blue colonies, a trend that was not observed in control (CP18) or uninjected colonies ( Fig. 2c) . To test the capacity of cHSCs to undergo multilineage differentiation, the cHSC population and control population were isolated, labelled with a fluorescent membrane dye (DiO), and transplanted into compatible recipient colonies. Three weeks after transplantation, 76% of transplanted cHSCs were detected in a different FACS gate than the original, as compared with less than 30% of transplanted cells from the control group ( Fig. 2d-f , Extended Data Fig. 5a ).
To identify the cHSC niches, the cHSC population and a control population (CP3) were isolated, labelled with a lipophilic dye (DiD) and injected into compatible colonies labelled with carboxyfluorescein succinimidyl ester (CFSE). Five to ten days after transplantation, DiD-labelled cHSC populations migrated into the recipient colony and aggregated in two known B. schlosseri stem-cell niches: the endostyle and the cell islands. The endostyle niche, located at the anterior subendostylar sinus (endo-niche), has been identified as a somatic stem-cell niche, and the cell islands niche is considered a germline stem-cell niche 6, 16 (Fig. 2g, Extended Data Fig. 5b ). Proliferating cells and haemoblasts have been identified near the endostyle and around the branchial sac's stigmata in juvenile Ciona intestinalis 17 . Indeed, blood cells with a haemoblast (cHSC) morphology and proliferating cells are abundant in the B. schlosseri endo-niche 6 (Fig. 2h , Extended Data Fig. 5c, d) . The control population (CP3) does not express a gene signature of the haematopoietic system, but does have a germline gene expression signature and is localized to a known germline stem-cell niche 16 , the cell islands (Extended Data Figs. 4c, 5b) . The B. schlosseri cHSCs localized towards the endo-niche, similar to the homing process of mammalian HSC's to the bone marrow [18] [19] [20] . The endostyle is a complex tissue with defined anatomical structures and molecular features 6, 16, [21] [22] [23] [24] . We sequenced the transcriptomes of ten endostyles and compared them to the transcriptomes of whole colonies (n = 34). Homologous genes that were Fig. 2 | Multilineage differentiation capacity, homing sites of cHSCs and their niches. a, Geneset Activity Analysis genes upregulated (n = 235) in candidate HSCs (CP25, CP33 and CP34) using the Gene Expression Commons tool on a mouse haematopoiesis model; each box is a defined cell population in the haematopoietic process. The enriched populations are HSCs and the myeloid lineage. b, Candidate HSCs and a control cell population (CP18) from an orange-pigmented donor colony were transplanted into compatible recipient colonies with blue, orange or a mixture of the two pigmented cells. Top, live imaging. Scale bar, 0.2 mm. Bottom, schematics. c, Significant reduction in the ratio of blue colonies and significant increase in the ratio of mixed pigmented colonies (Fisher's exact test, two-tailed, *P = 0.006, **P = 0.004), 20 days after cHSC transplantation. d-f, cHSC and a control cell population (CP18) were labelled with DiO and transplanted into compatible colonies (d). Three weeks after transplantation, DiO + cells (d, right) from the recipient colonies were analysed by FACS. Twenty-four per cent of the cHSC transplanted cells were detected in their original gate (e, right, in red) and the rest were detected in other gates. The majority of the transplanted cells from the control group were detected in the original gate (e, left, in green). The experiment was performed twice. f, Percentage of cells from cHSC and control populations detected in gates different from their original gate, three weeks after transplantation. The experiment was performed on two pools of five animals of each population; unpaired t-test, two-tailed, *P = 0.024, bars show mean. g, cHSC and a control population (CP3) were isolated, labelled with DiD (violet) and transplanted into CFSE (green)labelled compatible colonies. Five to ten days after transplantation, only the cHSC populations homed to the endo-niche (5/6) compared to control (0/4). P = 0.048; Fisher's exact test, two-tailed. Yellow dashed outline indicates endostyle; scale bar, 20 μm. h, Electron microscopy section of the endostyle and subendostylar sinus (endo-niche). Yellow arrowheads indicate cells with haemoblast (cHSC) morphology. Performed three times. Scale bar, 5 μm. i, Enriched blood-associated mammalian cell types for highly expressed genes in the B. schlosseri endostyle (RNA sequencing (RNA-seq)) and the solitary tunicate C. robusta endostyle (in situ hybridization) 21 .
Letter reSeArCH significantly upregulated (P < 0.05) in the endostyle were analysed by GeneAnalytics 14 , revealing shared expression of 327 genes between the endostyle and human haematopoietic bone marrow ( Fig. 2i , left, Extended Data Fig. 6a , Supplementary Tables 2, 4 ). This finding was further supported by Gene Expression Commons 15, 25 (Extended Data Fig. 6b ). We queried previously obtained Ciona robusta in situ expression data 21 for endostyle-associated genes and found them to be similar ( Fig. 2i , right, Extended Data Fig. 6c ).
In mammals, innate cellular immune responses are mediated in part by phagocytosis (the engulfment of target cells), and both adaptive and innate immune responses in part by cellular cytotoxicity (the direct killing of target cells). We used diverse ex vivo phagocytosis assays to identify phagocytic cells and track their cell populations (Extended Data Fig. 7 ). These assays revealed three major phagocytic populations, including two previously described phagocytic cells: amoebocytes (within CP4 and CP18), large phagocytes 26, 27 (within CP13) and a previously undescribed population, the candidate myeloid cell population (within CP7 and CP10) (Extended Data Fig. 7 ). The myeloid cells were the main contributors to phagocytosis (they contributed more than 40% to each of the phagocytosis assays), whereas the large phagocytes contributed mainly to allogeneic phagocytosis (Extended Data Fig. 7a ).
We did not find a cell population with a clear mammalian cytotoxic gene expression signature. Morula cells, which contain phenoloxidase, accumulate at rejection points and have been proposed to be cytotoxic cells that mediate rejection 26, 28, 29 . We detected morula cells in population CP18, but in lower levels than expected, prompting us to look for a candidate precursor cell. We studied the large granular lymphocyte-like (LGL) cells (enriched in CP31) as a potential candidate, because their morphology resembles that of natural killer cells, which mediate cytotoxicity as part of the mammalian innate immune response 30 . Ex vivo experiments revealed that purified LGL cells transitioned into morula cells after two days ( Fig. 3a , labelled 1-4), suggesting that LGL cells are cytotoxic morula cells that become pigmented granular morula cells following activation.
Assays that compared the ability of morula and LGL cells to induce cytotoxicity showed that isolated LGL cells were significantly (P < 0.005) more cytotoxic than isolated morula cells or the control population (CP3; Extended Data Fig. 8a ). Overnight incubations of isolated LGL cells in either a syngeneic (self) or an allogeneic (nonself) challenge led to a transition of 60% of the LGL cells that were incubated with allogeneic cells and an increase in morula cells. Only about 10% of the LGL cells that were incubated with syngeneic cells became morula cells (Extended Data Fig. 8b ). Upon activation, LGL cells change their morphology, develop granularity and pigmentation, presumably owing to phenoloxidase activation, and become morula cells ( Fig. 3a , Extended Data Fig. 8b, c ). This set of experiments demonstrates that the LGL cells are the cytotoxic cell population, and therefore we call LGL cells cytotoxic morula cells from here onwards.
Analysis of the genes that were differentially upregulated by the highly enriched cytotoxic morula cell population (CP31) revealed 52 unannotated genes with no human or mouse homologues. Twentyone of these genes carry domains that are associated with functions of cytotoxic cells such as recognition or lysis, and C-type lectin, a domain contained in human natural killer cell receptors (Supplementary Table 5 ). Among the 18 differentially upregulated genes that have sequence homology to genes in vertebrates, 14 are associated with at least one of the following functions: cellular recognition, cytotoxicity or peptidase activity, leukocyte homing and general immune response ( Fig. 3b ). CP31 cells also express tyrosinase-associated gene (TYRP2), the vertebrate paralogue gene to phenoloxidase, which is one of the main enzymes found in morula cells 28 (present at sevenfold-higher levels than in other cells). Although we did not find a B. schlosseri cell population that had a significant lymphoid lineage signature, Geneset Activity Analysis suggested that population CP19-which is enriched in morula cells-resembles mouse T cells, B cells, and immature natural killer cells in gene expression (Extended Data Fig. 4d ). This list does not include any gene that is associated with known adaptive immunity function ( Supplementary Table 2 ).
To test whether allogeneic cells interact in vivo during rejection, whole colonies were differentially labelled, set near each other and monitored by live imaging (Fig. 3d , Supplementary Video 3). We detected direct contact between allogeneic cells during rejection within the points of rejection (PORs; Fig. 3d , lower right). Next, we performed allogeneic phagocytosis and cytotoxicity assays. Assays 
Peptidase Immune Homing Mfge8 is listed twice because two upregulated B. schlosseri genes were homologues of this mouse gene. *TYRP2 (paralogue of phenoloxidase, also known as Dct) is not differentially expressed, but is sevenfold higher in CP31. Left side is a table indicating gene association with immunity functions. CPM, counts per million. c, BHF expression levels in the cell populations. d, Colony labelled with cell tracker far red (top left), and with CFSE in green (top right). Bottom left, ampullae touching; bottom right, points of rejection; a mixture of allogeneic cells from the two colonies is observed in the area of necrotic tissue (yellow dashed line). The experiment was repeated three times. Scale bar, 0.2 mm. e, Phagocytosis and cytotoxicity assays were set between compatible, incompatible or self. Significant upregulation of cytotoxicity between cells taken from incompatible colonies is observed. Experiment used 10 5 :10 5 cell ratio and were performed twice with 2-4 samples in each treatment, and validated by additional experiments with different ratios. Unpaired t-test, two-tailed; *P = 0.023, bars show mean. f, Blocking of BHF with anti-BHF or mock serum. Blue, compatible colony target cells; red, incompatible colony target cells. The blocking of BHF significantly upregulated the cytotoxicity of compatible targets compared to mock serum. The experiment was performed three times with duplicates or triplicates. Two-factor ANOVA with replication, *P = 0.0008; mean ± s.d.
Letter reSeArCH
were set between cells taken from compatible colonies (sharing one BHF allele), rejecting colonies (no shared BHF allele) or self (same colony) ( Fig. 3e ). We used confocal microscopy to validate phagocytosis; in the cytotoxicity assays, we validated specific lysis by increasing ratios between effector and target cells (Extended Data Fig. 8d , e). The experiment was accomplished by differential labelling of cells that originated from the same colony, two different compatible colonies or two rejecting colonies. There was significantly more cellular cytotoxicity (P < 0.05) between cells that were derived from rejecting colonies than between cells derived from either compatible colonies or the same colony ( Fig. 3e , Extended Data Fig. 8e ). As all the treatments led to similar levels of phagocytosis, we concluded that cytotoxicity is the immune effector mechanism of the cellular allogeneic response.
In a third set of experiments, we tested whether blocking BHF would affect the cytotoxic reaction. Cytotoxicity assays between compatible and rejecting colonies treated with mock serum revealed significantly more cytotoxicity between rejecting colonies ( Fig. 3f ). When we blocked BHF with serum containing polyclonal anti-BHF antibodies that bind live B. schlosseri cells (Extended Data Fig. 2e , Extended Data Table 2a ), cell lysis between compatible colonies was enhanced to the level observed in rejecting colonies (Fig. 3f ). This treatment did not affect the level of cell lysis observed in rejecting colonies (Fig. 3f ). These results show that BHF is a major histocompatibility factor that is essential for self-recognition. Similar to inhibition of natural killer cells by the major histocompatibility complex, self-BHF recognition inhibits cytotoxicity. These results-and the observation that fusion occurs when colonies share at least one BHF allele 7 -demonstrate that, as in natural killer cell recognition, the cellular cytotoxicity mechanism in B. schlosseri is based on 'missing self ' 31 .
The haematopoietic and immune systems of B. schlosseri combine features of vertebrates and invertebrates ( Fig. 4) . B. schlosseri has cells that share morphological and molecular characteristics with the vertebrate HSC and myeloid lineages, including cells that take part in phagocytosis. It also has amoebocytes and large phagocytes with morphologies resembling invertebrate cell types 32, 33 . The cytotoxic morula cells of B. schlosseri carry imprints reminiscent of vertebrate lymphocytes, but mainly express tunicate-specific genes (Fig. 3b , Extended Data Fig. 4d , Supplementary Tables 2, 5 ). Several studies have described morula-like cells with phenoloxidase activity in other invertebrate species 33, 34 . Our analysis of gene sets that are expressed by the cytotoxic morula cells and identification of the BHF inhibition pathway will be likely to reveal novel mechanisms to delimit self from non-self and target pathogens.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-018-0783-x. Table 2b .
Letter reSeArCH

MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. Colony development, labelling and allorecognition assays. The life cycle of B. schlosseri includes both sexual and asexual reproduction pathways. Sexual reproduction starts with fertilization and progresses through classic embryonic stages into a tadpole larva with chordate characteristics such as a tail, notochord, neural tube and striated musculature. Upon hatching, the motile tadpole settles on a substrate and metamorphoses into an oozoid, with a sessile body plan (Fig. 1a) . The oozoid begins a cyclical budding process of asexual reproduction, forming a colony of genetically identical zooids and buds (Fig. 1b) . The colonial individuals are united under a single gelatinous tunic by a network of blood vessels, which terminate in sausage-shaped protrusions (ampullae; Fig. 1a-c) . Throughout adult life, B. schlosseri regenerates its entire body every two weeks. This stem-cellmediated cycle of development includes the formation of all body organs including the heart, respiratory system, digestive system and neural complex. Sexual reproduction commences when the ovary and testis are formed.
Mariculture procedures have previously been described 35 . In brief, B. schlosseri colonies were collected from the marina in Monterey, California. Individual colonies were tied to 3 × 5-cm glass slides and placed 5 cm away from and opposite to another glass slide in a slide rack. The slide rack was placed into an aquarium, and within a few days the sexually reproduced tadpoles hatched, swam to the settlement slide, and metamorphosed into the adult body plan. Single colonies were then transferred to individual slides and used in the experiments.
When two genetically distinct colonies or individuals encounter one another, they can either fuse to form a chimaera with a common vasculature, or reject one another 2,3,7 ( Fig. 1c , Supplementary Video 2). This self-nonself recognition process is controlled by BHF 7 . Fusion requires at least one shared BHF allele: upon fusion, circulating somatic and germline stem cells from both colonies compete for dominance of the somatic and germline organs and also contribute to the formation of new buds 4, 5 . Additionally, the buds in one of the chimeric partners often fail to develop 8 . This developmental failure is an immune-cell-based rejection of bud cells that operate within a BHF-histocompatible chimaera. The process involves inflammation and recruitment of cytotoxic cells, and is thus comparable to chronic transplant rejection in mammals 7 .
Juvenile colonies were labelled with distinct fluorescent stains (CellTrace CFSE Green, Invitrogen #C34554; CellTrace FarRed, Invitrogen #C34572) and positioned in controlled fusion/rejection reactions (Fig. 3d ). For allorecognition assays, colonies were labelled using CFSE dye (5 mM stock solution) and Far Red dye (1 mM stock solution) in a dilution of 1 μl of dye to 1 ml of filtered seawater. Naive colonies were then bathed in this solution for 60 min, allowed to recover then washed and placed in μ-dishes (ibidi μ-Dish 50 mm-low uncoated) for observation. Images were obtained using a confocal fluorescence microscope (LSM700 Axio Observer.Z1, Zeiss). FACS analysis. For cell isolation, colonies were starved for at least 24 h before dissociation with a fine blade into cell suspensions. Cells were filtered through a 40-μm mesh using a sterile 1-ml syringe pump (a similar procedure to murine spleen dissociation), washed and collected in staining medium: 3.3× PBS, 2% FCS and 10 mM Hepes. No enzymatic dissociation was used and the presence of FCS was enough to prevent cell aggregation. After gating on propidium iodide (PI), negative cells (using 2D plots owing to natural fluorescence of B. schlosseri cells) were analysed using a size-forward scatter (FSC) and granularity-side scatter (SSC) panel on a log scale using BD FACS Aria-II. We isolated 11 cell populations based on their size (FSC), granularity (SSC) and natural auto-fluorescence (Extended Data Fig. 1b ).These purified populations were analysed according to morphology by light microscopy and defined according to previous cellular work characterizing B. schlosseri cell populations 3, 26 . We then screened a large assortment of antibodies and reagents using mass cytometry (CyTOF) and FACS, to identify cell surface markers that showed differential binding to distinct cell populations (Extended Data Tables 1, 2a, Extended Data Fig. 2) . The cluster analysis programs SPADE and viSNE were applied to create a differentiation panel of the resultant screened markers (Extended Data Fig. 1a ). Using anti-CD49d, anti-CD57, anti-BHF (a mouse anti-serum that was developed against the BHF protein), concanavalin-A, and alkaline phosphatase, together with size, granularity, and natural auto-fluorescence, we defined a total of 34 cell populations-24 of these are the hierarchical endpoint populations of our FACS gating strategy (Extended Data Fig. 1c, d) . CP17 was composed of dead cells and cell debris, and was therefore excluded.
Thirty-four gated populations were analysed after cell labelling. Five million cells were suspended in 200 μl of staining medium before FACS analysis: alkaline phosphatase (AP) Live Stain (Life Technologies A14353) 1 μl, CD49d PE-Cy7 (BioLegend 304313: Clone 9F10) 1 μg, CD57 Pacific Blue (BioLegend 322316; clone HCD57) 0.25 μg, concanavalin-A (ConA) AlexaFluor-633 (Sigma) 2 μg, mouse anti-BHF serum 1:100 and anti-mouse secondary Cy5-Cy7 (SantaCruz) (Extended Data Tables 1, 2a ). The specific excitation laser and optical filter for emission measurements were as follows (excitation laser in nm and filters stated as long pass (LP) and band pass (BP)): 488 nm (505LP 530/30BP)-AP, 488 nm (755LP 780/60BP)-CD49d, 405 nm (450/50BP)-CD57, 633 nm (660/20BP)-ConA, 633 nm (755LP 780/60BP)-BHF. Cells were sorted into 18-well flat μ-slides coated with poly-l-lysine (ibidi) for live imaging. Anti-BHF serum. We created the mouse anti-BHF serum with Thermo Scientific Pierce Protein Biology. The nucleotide sequence that was used was for the BHF (759 bp) α-allele, a BHF allele that is common in our mariculture facility:
The BHF sequence was cloned into a pET23b vector including a C-terminal His tag, and produced in DH5a cells. Validation of binding of mouse serum to BHF was done by Thermo Scientific Pierce Protein Biology using ELISA. We used FACS to validate that the anti-BHF mouse serum bound to Botryllus live cells. Labelling of live cells (propidium iodide negative) by the anti-BHF serum shows that BHF is present on the membrane (Extended Data Fig. 2e ). The localization of the BHF to the membrane has previously been described 36 . Our assumption is that if a serum can recognize BHF on the membrane it will be able to block its interaction with a recognition receptor. CyTOF mass cytometry screening. CyTOF and its cluster analysis programs SPADE and viSNE were used to screen a large assortment of antibodies against human cell-surface antigens that would cross-react with B. schlosseri cells and could potentially differentiate cellular populations (Extended Data Table 1 , Extended Data Fig. 2) . The cluster analysis programs SPADE and viSNE, which were developed to analyse CyTOF data 37 , were used to create a differentiation panel of the resultant screened markers (Extended Data Fig. 1 ).
For the screen of 49 antibodies, live cells were labelled for 30 min on ice in staining medium (3.3× PBS, 2% FCS and 10 mM Hepes) with different antibodies labelled with elemental isotopes (Extended Data Table 1), followed by two washes with staining medium. After washing, cells were fixed in 4% PFA in 1× PBS, washed once with staining medium and then incubated at room temperature for 20 min in an iridium-containing DNA intercalator (Fluidigm) in 1.5% paraformaldehyde in 1× PBS. Prior to measurement on a mass cytometer, cell samples were washed once with staining medium and twice with water 37 (Fluidigm). Analysis of the FCS files were done with Cytobank and FlowJo. Antibodies with positive signals were validated by FACS as summarized in Extended Data Table 1 . Tissue dissection, RNA extraction, purification and transcriptome sequencing. FACS-sorted cell population. We used a published protocol 38 to extract RNA from FACS-sorted cells (n = 24). Twenty-three endpoint populations were sequenced, in addition to CP2, which was composed of all live cells. CP17 was composed of dead cells and cell debris, and therefore was excluded from the population analysis. Twenty thousand cells of each sequenced population were sorted in 750 μl Trizol-LS (Invitrogen #10296010) using a 100-μm nozzle. Cells were vortexed and incubated for 10 min at room temperature before freezing at -80 °C. After thawing, cells were washed with chloroform, and RNA was isolated according to the manufacturer's directions, with minor modifications. A linear polyacrylamide (LPA) carrier (Sigma Aldrich # 56575-1ML) was added to enhance recovery of RNA, followed by DNase I treatment per the manufacturer's instructions (Qiagen RNeasy micro kit, # 74004). Whole-colony samples. We used a published protocol 6 to extract RNA from whole colonies (n = 34). The 34 whole-colony samples included all tissues in the colonies. Endostyle samples. Insulin syringes were used to dissect endotyles (n = 10). The endostyle is a long glandular groove extending medially at the ventral face of the zooid's branchial sac along its anterior-posterior axis 23 . The endostyle is immersed in blood cells flowing through the large subendostylar sinus and other sinuses and is innervated by the main and lateral subendostylar nerves 39, 40 . The endostyle epithelium consists of eight distinct anatomical zones, each defined by a specific gene expression profile 6, 16, 21, 22 . The ten endostyle samples taken for RNA-seq included the endostyle epithelial cells, cells circulating in the subendostylar sinuses and the main and lateral subendostylar nerves, which extend along the endostyle anterior-posterior axis. Dissected endostyle samples were flash-frozen in liquid nitrogen to minimize RNA degradation and stored at -80 °C. Using a mechanized Konte tissue grinder and pestle, samples were homogenized in the presence of lysis buffer (Qiagen RNAeasy Microkit #74004), and total RNA was extracted following the manufacturer's protocol. The resultant RNA was cleaned and concentrated (Zymo Research RNA Clean and Concentrator-5, R1015) and analysed using an Agilent 2100 Bioanalyzer for quality analysis before library preparation. cDNA libraries were then prepared from high-quality samples (RNA integrity number (RIN) > 8) using Ovation RNA-seq v2 (Nugen). Size selection was performed before barcoding using Zymo Research Select-a-Size DNA Clean and Concentrator Kit (D4080). Libraries were barcoded using NEBnext Ultra DNA Library Prep Kit Master for Illumina (New England Biolabs, E7370S) and NEBNext Multiplex Oligos for Illumina (New England Biolabs, E6609S). Barcoded library samples were then sequenced on an Illumina NextSeq 500 (2 × 150 bp, producing an average of 15 million reads per cell population). Cytotoxicity and phagocytosis assays. Three different ex vivo phagocytosis assays were used to identify the B. schlosseri myeloid lineage phagocytic cell populations: (i) phagocytosis of fluorescent beads; (ii) phagocytosis of a fluorescently labelled marine bacterium (Vibrio diazotrophicus); and (iii) allogeneic phagocytosis, during which we tested the capability of cells from different colonies to engulf allogeneic cells (Extended Data Fig. 7) . FACS was used to identify the phagocytic cells in each of the ex vivo assays and to track their cell populations. Confocal microscopy and ImageStream analysis were used to confirm engulfment (Extended Data Fig. 7 ). Bacteria and beads phagocytosis assays. Cells (10 5 cells/200 μl) were incubated overnight at 18 °C in a 2:1 ratio of beads:cells using Fluoresbrite YG Carboxylate Microspheres 1.00 μm (Polysciences). To measure phagocytosis of bacteria, the marine bacterium V. diazotrophicus was heat-inactivated at 95 °C for 5 min, and labelled with Alexa Fluor 647 (Invitrogen #A20006). The analysis of cells positive for beads or bacteria was done by flow cytometry using two fluorescent channelsthe green channel was used to detect beads and the far-red channel was used to detect bacteria (Extended Data Fig. 7 ). FlowJo V10 (FlowJo) was used to analyse the flow cytometry data. Phagocytosis of allogeneic cells. The labelling and incubation of cells were done as described for the cytotoxicity assay below. Phagocytosis was defined as doublepositive cells in the FACS plots of the two labelling markers. Owing to the natural fluorescence of B. schlosseri cells, the level of double-positive cells in wells with separation of each one of the labels was reduced from the double-positive in the experimental wells (about 5% background). To validate phagocytosis, cells were sorted and observed by confocal microscopy. To compare cytotoxicity to phagocytosis, the optimal ratio (1:1) for allogeneic phagocytosis was prepared and compared to cytotoxicity at the same ratio, using 10 5 cells of each labelled group per well.
We used a FACS-based cytotoxicity assay 8, 41 to measure killing of cells in vitro. Isolated B. schlosseri cells were labelled using CFSE (5 μM; Life Technologies) and Far Red dye (1 μM; Life Technologies) for 30 min at 18 °C to distinguish effector and target cells and washed twice in staining medium: 3.3× PBS, 2% FCS and 10 mM Hepes. Cells were incubated overnight in 96-well U-shaped plates at 18 °C at different effector:target ratios in staining medium. After adding propidium iodide to wells to test cell viability, cells were analysed by FACS. The target or the effector cells were gated on 2D analysis using the labelling dyes (CFSE and Far Red). Spontaneous lysis was measured as the percentage of propidium iodidepositive cells in gated target cells in wells without effector cells, and sample lysis was quantified as the percentage of propidium iodide-positive cells in gated target cells. Specific lysis was calculated as follows: specific lysis % = 100 × ((sample lysis − spontaneous lysis)/(100 − spontaneous lysis)). The gating of FACS analysis was on 2D plots owing to the natural fluorescence of B. schlosseri cells. For BHF blocking assays, anti-BHF polyclonal mouse serum was used at 1:200, or mock serum as control. Colonies with known fusion or rejection outcomes from our mariculture facility were used to measure allogeneic cytotoxicity and phagocytosis. Cytotoxicity and phagocytosis assays were done in triplicate. Cell transplantation. B. schlosseri colonies have the ability to fuse spontaneously, thereby facilitating natural 'transplantation' or parabiosis assays between genetically compatible but distinct colonies (those sharing a BHF allele) without requiring radiation-induced elimination of the host's stem cells 5, 6, 16 . Furthermore, based on this feature, cells can be sorted and transplanted between compatible B. schlosseri colonies. The differentiation potential of transplanted cells can be tested using a pigmentation-based assay, using distinctly pigmented donor and recipient colonies (for example, blue versus orange) 5, 6 . The colours of the pigment cells in B. schlosseri are genetically determined 42, 43 . Pigment cells, identified as CP8, circulate in the vasculature and are linked to the haematopoietic lineages by gene expression (Extended Data Fig. 4b) . Additionally, the transparent body allows real-time monitoring and tracing of labelled cells by time-lapse microscopy 6 . Using these methods and a FACS-based differentiation assay developed for this study, we assayed the differentiation potential and homing sites of B. schlosseri candidate HSC (cHSC) populations. The experiment of rescuing lethally irradiated recipients was not performed because those experiments were not shown to work in the B. schlosseri model 44 .
Cell were sorted directly into staining medium (3.3× PBS-based; 75% of final volume) to minimize cellular stress using a 100-μm nozzle. Following sorting, cells were labelled with DiD or DiO membrane dye (Life Technologies) to visualize or identify the transplanted population, and suspended in a final concentration of 10 5 cells per μl. We injected 10 5 cells into recipient colonies near the zooid's heart, using a microinjector (Narishige) as described 6 .
Two transplantation assays were used to measure the ability of a specific cell population to differentiate into other cell types: (i) a pigment cell-based differentiation assay (donor chimerism) (Fig. 2b, c) , and (ii) a FACS analysis-based differentiation assay (Fig. 2d-f) .
The cHSC populations transplanted include CP25, CP33 and CP34. As a control we used CP18 (includes CP19, CP20 and CP21), which shares a molecular signature with the pigment cell population and is located close to the pigment cell populations on the FACS plots (Extended Data Fig. 1 ). The analysis of the pigment cell-based differentiation experiment (Fig. 2b, c) was done in a single-blinded manner 20 days after transplantation. n = 42 transplanted colonies; 16 cHSC, 15 control population and 11 uninjected.
In the FACS analysis-based differentiation assay ( Fig. 2d-f ), the cHSC populations (CP25, CP33 and CP34) and the CP18 control population (CP19, CP20, CP21) were labelled with DiO and transplanted into compatible colonies. Three weeks after transplantation, transplanted colonies were pooled for analysis by FACS into two pools from each experimental group, with at least five transplanted colonies in each pool. The percentage of cells remaining in each of the original gates on the FSC and SSC was measured, CP9 for CP18 (CP19, 20, 21) and CP10+7 for the cHSC population (CP25, 33, 34) based on the FACS gating hierarchies in Extended Data Fig. 1d . In addition, we estimated cell proliferation by measuring levels of DiO fluorescence 3 weeks after transplantation of labelled cells (Extended Data Fig. 5a ).
For localization assays, two sets of experiments were performed: a total of 14 colonies labelled with CFSE on ibidi 50-mm uncoated μ-dishes were transplanted with DiD-labelled cells (Fig. 2g, Extended Data Fig. 5b ). cHSC DiD-labelled cells were transplanted into six colonies, four colonies were transplanted with DiDlabelled CP3, and four colonies were not injected and used as a control for natural fluorescent background. Focusing on known B. schlosseri stem-cell niches (the subendostylar sinus and the cell islands 6, 16 ), we tested the ability of transplanted cHSCs and control cells (CP3) to migrate to these sites. An additional channel was used to validate autofluorescent cells. For the subendostylar sinus (the endo-niche) we detected no transplanted cells for CP3 (0/4) or the uninjected colonies (0/4), whereas 5/6 colonies were positive for cHSC cells, showing significant localization of the cHSCs to the subendostylar sinus; P = 0.048, Fisher's exact test, two-tailed. However, in the cell islands, although 4/4 were positive with CP3, 5/6 positive to cHSC, and 2/4 were positive in the uninjected colonies, there is a high concentration of autofluorescent cells in the cell islands. Histology and immunohistochemistry. For haematoxylin and eosin (H&E) staining, cells were incubated overnight on glass slides coated with poly-l-lysine (Sigma) and fixed with 4% PFA in 0.1 M MOPS in 0.5 M NaCl, pH 7.5 for 10 min and washed with PBS. The slides were stained with Harris haematoxylin for 5 min and 2% eosin Y for 1 min (Extended Data Fig. 1e ).
Immunohistochemistry was based on a published method 45 . The labelling was done using rabbit anti phospho-histone H3 (pHH3; Cell Signaling, 9701) at a concentration of 1:500 (Extended Data Fig. 5d ). Electron microscopy. Colonies were fixed overnight in 1.5% glutaraldehyde buffered with 0.2 M sodium cacodylate, 1.6% NaCl, pH 7.4. After washing in buffer and post-fixation in 1% OsO4 in 0.2 M cacodylate buffer plus 1.6% NaCl, specimens were dehydrated and embedded in Araldite. Sections were counterstained with toluidine blue, and for electron microscopy sections were stained for contrast with uranyl acetate and lead citrate. Micrographs were taken with a FEI Tecnai G2 electron microscope (operating at 100 kV) (Extended Data Fig. 5c ). Differential expression analysis. Determination of gene counts was performed using a Snakemake 46 pipeline. An outline of the steps is as follows: (i) low-quality bases and adaptor sequences were removed using Trimmomatic 47 (version 0.32); (ii) overlapping paired end reads were merged using FLASH 48 (version 1.2.11); (iii) reads were aligned to the UniVec Core database using Bowtie2 49 (version 2.2.4) to remove biological vector and control sequences; (iv) reads were aligned to the B. schlosseri transcriptome with BWA 50 (mem algorithm, version 0.7.12); and (v) aligned reads were sorted and indexed using SAMtools, PCR duplicates removed using PICARD (MarkDuplicates tool, version 1.128) and then transcript level counts directly counted from the BAM file.
Differential expression was analysed using edgeR 51 . In detail, the gene counts were compiled into a tabular format and loaded into R. Genes were retained with at Letter reSeArCH least five counts per million in at least 80% of the smaller number of the compared samples. A simple model was used to compare the two sets of populations, with P values adjusted using the Benjamini-Hochberg method to produce a false discovery rate (FDR). FDRs below 0.05 were called as being differentially expressed. The comparisons between cell populations were performed in a one-versus-all approach, followed by selective aggregating of similar populations. Initially each population was compared to all others (except for CP2, which was an aggregate of all cells). Then all sets of two populations were compared to the remaining populations, with the best two being grouped together. The metric used was: if A is the set of genes found to be differentially expressed in population A versus all others, and n(A) is the number of genes in that set, then find the maximum of n(AB) -n (A or B) . This attempts to find those populations that when grouped together are more distinct from all others compared to the populations individually. After this grouping was performed multiple times, the maximum was no longer above zero, and a new metric was used. This method was used to find the two groups of populations that maximized n(AB) 2 /(n(A or B) + 1). This aimed to find the populations that fractionally were the most similar. The mergings are as follows: CP33 + CP34, CP3 + CP23, CP8 + CP20, CP21 + CP22, CP24 + CP26, CP25 + CP33 + CP34, CP12 + CP14, CP5 + CP32, CP29 + CP36, CP19 + CP31, CP15 + CP16, CP30 + CP35. The number of characteristic, highly expressed genes found per population(s) relative to the other populations varied from 0 to 2,229 (mean 232), with only 23% possessing homology to mouse or human genes and the remaining 77% of these genes being mostly B. schlosseri-or tunicate-specific.
For visualization, the 250 genes with the largest weights in the first 11 principal components (explaining 90% of the variance in mean-adjusted log-transformed gene counts) were used to cluster the different cell populations in a heat map (Extended Data Fig. 3a ). Many of the populations have visually similar gene expression patterns (for example: CP3, 5 and 23; and CP25, 33 and 34), and in general, samples that were adjacent in FACS space are also similar in expression space (Extended Data Fig. 3b , 67% of neighbours in agreement), indicating a correlation between gene expression profile and morphology and marker expression. Gene domain finding. The protein sequences of CP31-associated non-homologous genes (n = 52) were saved to individual FASTA files. These were processed using the python-based RESTful client for InterPro5 (version 5.28-67.0) on ENSEMBLE's website using the default options to search for annotated domains within ascidian-specific genes that dominate the Botryllus cytotoxic morula cells (Supplementary Table 5 ). Unannotated gene domains revealed: transmembrane domains (n = 7), cell interaction and sugar binding domains (n = 4) and signal peptides (n = 3). This analysis also revealed genes with toxin and peptidases domains (g6777, g43113), hydrolase (g61144) and complement and coagulation domains (g6900, g69753). Moreover, g15971 contained a C-type lectin domain, a domain contained in human natural killer cell receptors (Supplementary Table 5 ).
Geneset Activity Analysis on Gene Expression Commons. Gene Expression
Commons (https://gexc.riken.jp) provides gene expression dynamic ranges and thresholds to distinguish active expression from inactive expression for each gene by computing a massive amount of publicly available microarray data 15 . Once a user submits raw microarray data of a particular cell type, the Gene Expression Commons returns gene expression activity referred to the dynamic range for each gene, and if the expression level exceeds the threshold, the gene is labelled an active gene. In the Weissman laboratory, we purified and generated microarray data for each step of adult mouse haematopoiesis as well as several stromal cell types. A gene expression profile of each cell type becomes public domain (or available to the public) through the Gene Expression Commons platform.
For this project, we developed a new function on the Gene Expression Commons platform entitled Geneset Activity Analysis. A user can create a Geneset, a set of genes of interest. Then the significance of the association between a given gene set and a set of active genes in the cell type is examined by Fisher's exact test. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper.
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Extended Data Fig. 4 | Gene expression in B. schlosseri cell populations. a, Enrichment scores of the top nine systems (left), nine tissues (centre) and ten cell types (right) of annotated genes upregulated in CP33, CP34 and CP25 using the GeneAnalytics tool (compared to human). In systems the haematopoietic system has the highest score, in tissues the blood has the highest score, and within the cells, the granulocytes and HSC have the highest scores. b-d, Geneset Activity Analyses using the Gene Expression Commons tool on a mouse haematopoiesis model of different B. schlosseri cell populations. b, Analysis of CP8 (pigment cells) based on 12 significantly upregulated genes, showing that CP8 is part of the haematopoietic system with gene activity resembling known cell types. c, Analysis of CP3 (small cells) based on 235 significantly upregulated genes, showing that this population is not part of the haematopoietic system. On the bottom: enrichment scores of the top ten tissues using CP3 genes by GeneAnalytics tool compared to human; the highest score is for the testes, suggesting that this population is a gonadal population. d, Analysis of CP19 (enriched with morula cells) based on 96 upregulated genes (P < 0.25), showing that CP19 has gene activity resembling cells in the lymphoid lineage using Geneset analysis.
Extended Data Fig. 6 | Gene expression in an HSC niche: the endostyle. a, Comparison between the transcriptome sequence data from 10 samples of dissected endostyles and the transcriptome data for 34 whole colonies revealed a list of 327 genes that were significantly upregulated in the endostyle and showed homology to genes expressed in human haematopoietic bone marrow. Heat map includes the top 100 (by log(FC)) of the bone-marrow-associated endostyle genes. b, Geneset Activity Analysis of top 200 genes upregulated in the B. schlosseri endostyle associated with the blood system, found by RNA-seq (this study) using the Gene Expression Commons tool on a mouse haematopoiesis model. The enriched populations are bone marrow stromal cells and HSCs. c, Similar analysis, but for C. robusta based on previous in situ work 21 , revealed enriched mouse bone marrow stromal cells as well, based on 188 genes that are expressed in the C. robusta endostyle and are associated with the blood system.
Extended Data Fig. 8 | Cytotoxicity and the two morphs of morula cells at PORs. a, Cytotoxicity assays of isolated LGL cells compared to small cells, and to isolated morula cells (MCs). In both cases the LGL cells had significantly higher cytotoxicity compared to the other cell types. The experiment with isolated cells was performed twice with triplicates. Unpaired t-test, two-tailed; *P = 0.003, **P = 0.0013; data shown as mean. b, LGL cells were isolated (upper left) and incubated overnight either in syngeneic (upper right) or in allogeneic challenge (lower left). FSC/SSC analysis of LGL cell (lower population) and morula cells (upper population). Insets, sample light microscopy images of the cells after incubation for each treatment. Lower right, analysis of LGL and morula cells in syngeneic compared to allogeneic challenge. The experiment was performed once with duplicates and validated by light microscopy. Bars show mean. c, H&E-stained section of B. schlosseri colonies undergoing rejection. In the ampule (AMP) the inactivated form of cytotoxic morula cells/large granular lymphocyte-like cells (LGL) can be observed (top). On the other hand, the activated form with the brown pigmentation of morula cells can be observed at POR (bottom). d, Confocal imagery of phagocytosis assays to validate the allogeneic engulfment. Colonies are labelled with CFSE in green and with DiD in red after allogeneic phagocytosis assay. Large phagocytic cells can be seen after engulfment of allogeneic cells or vesicles. Validation of allogeneic phagocytosis by confocal imaging was performed twice. Scale bar, 20 μm. e, Example of cytotoxicity assay with different effector to target (E:T) ratios, where the targets are compatible or rejecting colony cells to the effector colony. In the rejecting colony, specific lysis is significantly higher. The experiment was performed three times with triplicates. ANOVA two-factor with replication; *P = 0.0015; data shown as mean ± s.d.
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
Software and code
Policy information about availability of computer code
Data collection
Explained in the methods section. The pipeline was written in Snakemake (version 3). Reads trimmed with Trimmomatic (version 0.32), FLASH used to merge reads (version 1.2.11), Bowtie2 (version 2.2.4) and BWA ("mem" algorithm, version 0.7.12) for alignments. SAMtools used for sorting and indexing reads, Picard ("MarkDuplicates" tool, version 1.128) to remove duplicates.
Data analysis
Explained in the methods section. Differential expression performed using edgeR in R (version 3.x). Other scripts written in python (version 3.6) and jupyter notebooks (version 5.x). Python libraries include matplotlib (version 2.x), pandas (version 0.22), scikit-learn (version 0.18) and HTSeq (version 0.8). Also used were the python-based RESTful client for InterPro5 (version 5.28-67.0) on ENSEMBLE's website using the default options.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Randomization All the experiments were done together for the treatments and controls, there was no need for randomization since there was no difference between the samples in the experiments. All the animals that were compared to each other (mainly in transplantation assays) were from the same batches or the same offspring pool from the same mother colony, also for the treatments and the controls.
Blinding
The analysis of the pigment cell based differentiation experiment was done in a single blind manner 20 days following transplantation. No additional blinding was performed since most of the data collected was numerical analysis. 
Reporting for specific materials, systems and methods
Validation
All antibodies described in the methods. Part of the research was the screen for antibodies that would make cluster of differentiation of Botryllus cell populations. The intial screen was done by Cytof of 49 antibodies. the antibodies that were positive by Cytof were validated by FACS. The positive antibodies were checked three times. Finally we have used the folowing antibodies: CD49d PE-Cy7 (BioLegend 304313: Clone 9F10 ), CD57 Pacific Blue (BioLegend 322316; clone HCD57).
